Introduction
============

Paraquat (PQ) is one of the most widely used herbicides worldwide, especially in developing countries ([@b1-etm-0-0-6667]). It was reported that 5--15 ml of 20% concentration of PQ can lead to moderate or severe poisoning. There are thousands of case reports on accidental or deliberate poisoning of PQ each year ([@b2-etm-0-0-6667]). PQ has been classified as moderately hazardous by the World Health Organization (WHO) due to the lack of antidotes or effective strategies for the toxicity. The toxicity of PQ is mainly mediated by its redox activity ([@b3-etm-0-0-6667]). PQ interacts with a variety of enzymes, such as cytochrome P450 reductase, cytochrome oxidase and nitric oxide synthase. PQ is an electron receptor that acts on the intracellular redox reactions, producing large amounts of reactive oxygen species (ROS) and reactive free radicals and cause severe cell damage ([@b4-etm-0-0-6667],[@b5-etm-0-0-6667]). A previous study has shown that the main organs of PQ distribution are the lung and the kidney ([@b6-etm-0-0-6667]). PQ has a structure similar to MPP, which is a metabolite of 1-methyl-4-phenylpyridine (MPTP), indicating that PQ is neurotoxic ([@b7-etm-0-0-6667]). For these reasons, previous studies focused on the lung, kidney and brain. Therefore, there is little information on the toxic effects of PQ on other organs. The liver is the main organ of detoxification. Recently, Kral *et al* confirmed that the liver is an important target organ for PQ ([@b8-etm-0-0-6667]). Curcumin, as a Chinese medicine extract, is well studied and confirmed to have anti-inflammatory and antioxidant effects and extensive biological functions in regulating the nervous system, cardiovascular disease, lung disease, immune system, and tumor development ([@b9-etm-0-0-6667]). However, there is no systematic study on the protective mechanism of curcumin on liver injury, especially PQ-induced liver injury. Therefore, the purpose of this study was to investigate the effect of curcumin on the dynamic processes of PQ-induced liver injury and pathological changes and its intrinsic regulatory molecules with an expectation of providing a theoretical basis for the clinical treatment of PQ.

Materials and methods
=====================

### Experimental animal grouping

Forty-eight male SPF grade SD rats were provided by Nanjing Animal Experimental Center (Nanjing, China) (experimental animal license no. SYXK2017-084). Rats were 6--9 weeks old and weighed 180--300 g. They were fed for a week at room temperature of 26°C, under regular lighting, and environmental noise \<45 dB. Rats were divided into three groups: control group, PQ group, and PQ + curcumin group, with 16 rats in each group. Based on our preliminary data and the findings of Ishrat *et al* ([@b10-etm-0-0-6667]), rats in the control group were treated with gavage using 0.2 ml normal saline every day. The rats in the PQ group were treated with 50 mg/kg PQ every day. The PQ + curcumin group was given 200 mg/kg curcumin on the basis of PQ group. The weight of rats was recorded daily. All animal experiments were in strict accordance with the National Animal Ethics Association guidelines on the use and care of laboratory animals. The study was approved by the Ethics Committee of Gansu Provincial People\'s Hospital (Lanzhou, China).

### Sample collection and processing

On the 1st, 3rd and 7th day after treatment, 6 rats were randomly selected from each group and were sacrificed by CO~2~ inhalation followed by spinal dislocation. Rats were anesthetized with 10% chloral hydrate (300 µl/g) with endotracheal intubation. From each rat 10 ml of apical blood was taken, liver tissue was collected and placed in 4% formalin buffer and stored in liquid nitrogen. All samples were collected and used for RT-qPCR and western blot analysis. Blood samples were kept at room temperature for 30 min, followed by centrifugation at 1,000 × g, 4°C for 10 min. Serum samples were sent to our laboratory for determination of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels using the Beckman DxC 800 automated biochemical analyzer (Beckman Coulter, Inc., Shanghai, China). The rest of the serum was assayed to measure malondialdehyde (MDA) by thiobarbital colorimetric assay (cat. no. A003-1) and superoxide dismutase (SOD) by xanthine oxidation assay (cat. no. A001-3) (both from Nanjing Jiancheng Bio-Engineering Institute Co., Ltd., Nanjing, China). Liver tissue homogenate was made, and the level of ROS was measured by an active oxygen detection kit (cat. no. CA1410-100T; Beijing Solarbio Science & Technology Co., Ltd., Beijing, China). With distilled water as control, the absorbance value of each sample was measured at 550 nm. ROS concentration was calculated according to the formula, and ROS was expressed as U/mg ([@b11-etm-0-0-6667]--[@b13-etm-0-0-6667]).

### Hematoxylin and eosin (H&E) staining

Rat liver tissue was cut into 1--2 mm thick pieces, placed in 4% formalin buffer overnight, dehydrated gradient ethanol and n-butanol, and then waxed and embedded in wax. The wax pieces were sliced at a thickness of 4 µm and baked in a 60°C oven for 3 h. After dimethyl dewaxing, ethanol rehydration and H&E staining, the slices were examined under a Philips microscope (EM 300, Philips Healthcare, Amsterdam, The Netherlands).

### RT-qPCR

TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) was used to extract total RNA from rats. cDNA was synthesized from 1 µg of RNA using one-step reverse transcription kit (no. 639505; Takara Bio, Inc., Otsu, Japan). The mRNA levels of each index were measured using a fluorescence quantitative PCR kit (FSQ-101; Toyobo Life Science, Osaka, Japan). GAPDH was taken as an internal reference. TGF-β1 gene localization: NC_000019.10. Primers were designed and synthesized by Shanghai Sangon Biotechnology Co., Ltd. (Shanghai, China). Sequence: upstream, 5′-GGCCAGATCCTGTCCAAGC-3′ and downstream, 5′-GTGGGTTTCCACCATTAGCAC-3′; internal reference GAPDH: upstream, 5′-TGGCCTTCCGTGTTCCTAC-3′ and downstream, 5′-GAGTTGCTGTTGAAGTCGCA-3′. The relative expression level of each index was calculated by 2^−ΔCq^ \[ΔCq = Cq (target gene) - Cq (GAPDH)\] ([@b14-etm-0-0-6667]--[@b16-etm-0-0-6667]).

### Western blot analysis

The liver of SD rats was removed from liquid nitrogen and cut. The mixture was homogenized with 500 µl of RIPA (tissue lysate, Beyotime Biotechnology, Guangzhou, China) and 1% cocktail (protease inhibitor; ProteinTech Group, Inc., Chicago, IL, USA) and centrifuged at 13,000 × g, 4°C for 30 min. The supernatant was measured for its protein concentration using an automatic microplate reader (PerkinElmer, Inc., Waltham, MA, USA). Protein sample (40 µg) was taken and separated with 12% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE). The total protein was transferred onto nitrocellulose membrane (NC) and the band at 25 kDa was incubated with TGF-β1 primary antibody (1:1,000, cat. no. E-CL-H0109c; Cell Signaling Technology, Inc., Danvers, MA, USA). The abundance of the target protein was measured under the ECL chemiluminescence system (Merck KGaA, Darmstadt, Germany) using ultra-sensitive chemiluminescent (Merck KGaA) and the grey value was analyzed with ImageJ software (V2.1.4.7; National Institutes of Health, Bethesda, MD, USA).

### Statistical methods

The results were analyzed using GraphPad Prism software (version 5.01; GraphPad Software, Inc., La Jolla, CA, USA). The single factor analysis of variance and SNK-q test were used to compare the measurement data. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Effects of curcumin on body weight in rats

[Table I](#tI-etm-0-0-6667){ref-type="table"} shows that the body weight of the rats in the PQ group decreased significantly after poisoning (P\<0.05), while the weight of the rats in the PQ + curcumin group was at the lowest level on the 3rd day and then increased. On the 1st, 3rd and 7th day, the weight of rats in PQ + curcumin group was heavier than that in PQ group, and the difference was statistically significant (P\<0.05).

### Observation of the liver tissue morphology by H&E staining

It can be seen from [Fig. 1](#f1-etm-0-0-6667){ref-type="fig"} that on the 1st day after poisoning, the rats in PQ group showed significant edema of liver cells, obvious fatty degeneration was observed on the 3rd day; and large number of cavities appeared on the 7th day due to necrosis. For the PQ + curcumin group, the rats showed no obvious change on the 1st day, while liver cell edema appeared on the 3rd day, and mild swelling of liver cells was observed on the 7th day. It is suggested that curcumin treatment can protect from liver injury caused by PQ.

### RT-qPCR detection of liver tissue TGF-β1 mRNA content

It can be seen from [Fig. 2](#f2-etm-0-0-6667){ref-type="fig"} that compared with the control group, liver TGF-β1 of the rats in PQ group was increased on the 1st, 3rd and 7th day after poisoning (P\<0.05), while for the rats in PQ + curcumin group mRNA level reached the peak on the 3rd day and then decreased. It should be noted that the levels of TGF-β1 in PQ + curcumin group were lower than those in PQ group at these three time-points (P\<0.05).

### Detection of TGF-β1 protein content in liver tissue by western blot analysis

It can be seen from [Fig. 3](#f3-etm-0-0-6667){ref-type="fig"} that, compared with the control group, liver TGF-β1 protein of PQ rats increased on the 1st, 3rd and 7th day after poisoning, which was consistent with the results of RT-qPCR. While in the PQ + curcumin group, TGF-β1 protein peaked on day 3 and subsequently decreased. At all three time-points, the content of TGF-β1 protein in PQ + curcumin group was lower than that in PQ group.

### Effects of curcumin on liver function

[Table II](#tII-etm-0-0-6667){ref-type="table"} shows that ALT and AST in the blood of PQ rats continued to increase after poisoning (P\<0.05), and reached the highest value on the 7th day: 87.31±13.72, 106.34±25.82. ALT and AST in the PQ + curcumin group reached the peak on the 3rd day and then decreased. The ALT and AST levels of the PQ + curcumin group were lower than those of PQ group at the three time-points on day 1, 3 and 7, and the difference was statistically significant (P\<0.05).

### ROS level in the liver

The level of ROS was an indicator of oxidative stress and liver injury in rats. The results showed that compared with the control group, ROS in the liver of PQ rats continued to increase after poisoning (P\<0.05). ROS in the PQ + curcumin group reached the peak on the 3rd day, and then decreased. Curcumin treatment significantly reduced the level of ROS (P\<0.05) ([Fig. 4](#f4-etm-0-0-6667){ref-type="fig"}).

### MDA and SOD levels in the liver

MDA and SOD were used as indicators of oxidative stress. The results ([Table III](#tIII-etm-0-0-6667){ref-type="table"}) showed that compared with the control group, the levels of MDA in the PQ group were increased and the levels of SOD were decreased (P\<0.05). The levels of MDA in PQ + curcumin group increased first and then decreased, and the level of SOD decreased first and then increased. For the PQ + curcumin group, the level of MDA was lower than that in PQ group at the three time-points (P\<0.05), and the level of SOD was higher than that in PQ group (P\<0.05).

Discussion
==========

The important mechanism of PQ toxicity in different experimental models (including plants, bacteria and animals) is oxidative stress ([@b17-etm-0-0-6667]). Antioxidants have become potential therapeutic agents. In the rat model, antioxidants were able to prevent oxidative stress-induced lipid peroxidation cell damage caused by PQ, interstitial edema and inflammatory cell infiltration ([@b18-etm-0-0-6667]). In this experiment, the extract of turmeric rhizome-curcumin, a low molecular weight polyphenol substance, was selected. It is the most active component of turmeric ([@b19-etm-0-0-6667]). It is reported that it has good anti-inflammatory, antitumor and antioxidant properties. Jha and Mishra found that curcumin nasal administration can effectively remove free radicals and inhibit lipid peroxidation ([@b20-etm-0-0-6667]).

SOD is the scavenger for various oxygen free radicals in the body; it can act by catalyzing the disproportional free radicals in organisms, including superoxide radicals, hydroxyl radicals and lipid peroxides ([@b21-etm-0-0-6667]). MDA is the terminal product of lipid peroxidation ([@b22-etm-0-0-6667]). The oxidative stress markers were measured at different time-points to evaluate the antioxidant activity of curcumin. The results showed that curcumin treatment significantly increased SOD activity in rats and significantly decreased MDA levels. TGF-β1, as an important member of the transforming growth factor superfamily, plays an important role in promoting hepatic steatosis, hepatocyte injury, inflammatory cell infiltration, inflammatory cytokine production, HSC activation and fibrosis ([@b23-etm-0-0-6667],[@b24-etm-0-0-6667]). More importantly, literature demonstrates that TGF-β1 signaling is involved in ROS production and lipid accumulation ([@b25-etm-0-0-6667]). TGF-β signaling pathway is involved in the expression of fat and fatty acid β antioxidant genes, leading to the synthesis of triglycerides and the accumulation of hepatocyte lipids ([@b26-etm-0-0-6667]). In the case of further accumulation of lipids, TGF-β1 induces cell death through NF-κB/TAK1 pathway and mediates the production of reactive oxygen species ([@b27-etm-0-0-6667]). In addition, TGF-β1 affects the expression of various inflammatory factors through the oxidative stress pathway ([@b28-etm-0-0-6667]). Li *et al* found that oxidative stress and cell membrane lipid peroxidation are one of the mechanisms by which PQ causes lung injury. Curcumin reduces the extent of lung injury by preventing this process ([@b29-etm-0-0-6667]). Li *et al* studied the effects of different concentrations of PQ on serum inflammation-related cytokines, and they found that curcumin could reduce the level of serum inflammatory response in rats to improve lung pathological changes ([@b30-etm-0-0-6667]). Han *et al* reported that curcumin increased the activity of HO-1, NQO-1, SOD and CAT and induced the antioxidant capacity of liver cells by inducing the expression of Nrf2 ([@b31-etm-0-0-6667]). However, these studies were mainly focused on the mechanism of PQ-induced lung injury. The protective effects of curcumin on liver injury induced by PQ, and the involvement of TGF-β1 in this process remains to be further studied.

In the present study, we used RT-qPCR and western blot analysis to detect the dynamic changes of TGF-β1 in rat liver tissue after PQ exposure. The results showed that mRNA and protein levels of TGF-β1 in the liver of PQ poisoned rats tended to increase continuously. However, the mRNA and protein levels of TGF-β1 in liver decreased significantly after a 3-day intervention with curcumin. H&E staining was used to detect the changes of liver histomorphology at different time-points after PQ treatment in rats. H&E staining showed that for the PQ-poisoned rats, obvious fatty degeneration was observed in the liver on the 3rd day; and large number of cavities appeared on the 7th day due to necrosis. In PQ + curcumin group, there was no significant change in liver on the 1st day, hepatocyte edema appeared on the 3rd day, and mild hepatocyte edema appeared on the 7th day. In addition, curcumin can improve acute liver injury caused by PQ poisoning, by reducing AST and ALT activity.

These results indicate that TGF-β1 plays an important role in PQ-induced liver injury. Curcumin can effectively inhibit the expression of TGF-β1, prevent PQ-induced oxidative damage of liver cells and protect liver function.
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![Observation of the liver tissue morphology by H&E staining (×200). Rats in PQ group showed obvious edema of hepatocytes on the 1st day after poisoning, obvious vacuolar degeneration on the 3rd day, and severe necrosis of hepatic cells formed on the 7th day. However, rats in PQ + curcumin group showed no significant change in liver on the 1st day, hepatocyte edema was observed on the 3rd day and mild hepatocyte edema was observed on the 7th day. H&E, hematoxylin and eosin; PQ, paraquat.](etm-16-05-3841-g00){#f1-etm-0-0-6667}
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![Detection of TGF-β1 protein content in liver tissue by western blot analysis.](etm-16-05-3841-g02){#f3-etm-0-0-6667}

![Rat liver ROS level. \*P\<0.05, \*\*P\<0.01 compared with the control group. ^\#^P\<0.05, ^\#\#^P\<0.01 compared with the PQ group. ROS, reactive oxygen species; PQ, paraquat.](etm-16-05-3841-g03){#f4-etm-0-0-6667}

###### 

Weight changes in three groups (mean ± SD, g).

  Group           Before poisoning                                             1st day                                                      3rd day                                                      7th day
  --------------- ------------------------------------------------------------ ------------------------------------------------------------ ------------------------------------------------------------ ------------------------------------------------------------
  Control         217.83±15.27                                                 223.53±16.34                                                 231.04±16.92                                                 243.55±16.88
  PQ              216.42±15.76                                                 202.17±17.90^[a](#tfn1-etm-0-0-6667){ref-type="table-fn"}^   185.54±19.48^[b](#tfn2-etm-0-0-6667){ref-type="table-fn"}^   165.06±21.87^[c](#tfn3-etm-0-0-6667){ref-type="table-fn"}^
  PQ + curcumin   218.59±21.87^[a](#tfn1-etm-0-0-6667){ref-type="table-fn"}^   216.67±15.26^[d](#tfn4-etm-0-0-6667){ref-type="table-fn"}^   210.41±16.86^[d](#tfn4-etm-0-0-6667){ref-type="table-fn"}^   238.77±18.85^[e](#tfn5-etm-0-0-6667){ref-type="table-fn"}^

P\<0.05

P\<0.01

P\<0.001 compared with the control group.

P\<0.05

P\<0.01 compared with the PQ group. PQ, paraquat.

###### 

Liver function of rats (mean ± SD, U/l).

  Group           Time   ALT                                                          AST
  --------------- ------ ------------------------------------------------------------ ------------------------------------------------------------
  Control         1st    26.86±2.59                                                   33.36±3.06
                  3rd    27.37±2.36                                                   32.51±4.76
                  7th    26.04±2.94                                                   36.24±5.33
  PQ              1st    37.50±5.72^[a](#tfn6-etm-0-0-6667){ref-type="table-fn"}^     57.36±6.45^[a](#tfn6-etm-0-0-6667){ref-type="table-fn"}^
                  3rd    63.88±12.67^[b](#tfn7-etm-0-0-6667){ref-type="table-fn"}^    83.45±18.39^[b](#tfn7-etm-0-0-6667){ref-type="table-fn"}^
                  7th    87.31±13.72^[b](#tfn7-etm-0-0-6667){ref-type="table-fn"}^    106.34±25.82^[c](#tfn8-etm-0-0-6667){ref-type="table-fn"}^
  PQ + curcumin   1st    33.49±7.45^[d](#tfn9-etm-0-0-6667){ref-type="table-fn"}^     40.66±25.82^[d](#tfn9-etm-0-0-6667){ref-type="table-fn"}^
                  3rd    47.04±15.36^[d](#tfn9-etm-0-0-6667){ref-type="table-fn"}^    57.81±11.05^[e](#tfn10-etm-0-0-6667){ref-type="table-fn"}^
                  7th    36.52±12.32^[e](#tfn10-etm-0-0-6667){ref-type="table-fn"}^   46.34±8.37^[f](#tfn11-etm-0-0-6667){ref-type="table-fn"}^

P\<0.05

P\<0.01

P\<0.001 compared with the control group.

P\<0.05

P\<0.01

P\<0.0001 compared with the PQ group. PQ, paraquat; ALT, alanine aminotransferase; AST, aspartate aminotransferase.

###### 

Rat oxidative stress (mean ± SD).

  Group           Time   MDA (mmol/l)                                               SOD (×10^3^ U/l)
  --------------- ------ ---------------------------------------------------------- -------------------------------------------------------------
  Control         1st    0.42±0.07                                                  167.03±11.42
                  3rd    0.41±0.06                                                  168.71±10.85
                  7th    0.47±0.09                                                  165.33±11.97
  PQ              1st    2.58±0.83^[a](#tfn12-etm-0-0-6667){ref-type="table-fn"}^   123.50±21.86^[a](#tfn12-etm-0-0-6667){ref-type="table-fn"}^
                  3rd    4.57±2.74^[b](#tfn13-etm-0-0-6667){ref-type="table-fn"}^   105.36±26.63^[b](#tfn13-etm-0-0-6667){ref-type="table-fn"}^
                  7th    7.76±3.12^[b](#tfn13-etm-0-0-6667){ref-type="table-fn"}^   94.43±37.74^[b](#tfn13-etm-0-0-6667){ref-type="table-fn"}^
  PQ + curcumin   1st    1.04±0.72^[c](#tfn14-etm-0-0-6667){ref-type="table-fn"}^   138.72±12.94^[c](#tfn14-etm-0-0-6667){ref-type="table-fn"}^
                  3rd    2.12±0.87^[c](#tfn14-etm-0-0-6667){ref-type="table-fn"}^   117.40±28.08^[c](#tfn14-etm-0-0-6667){ref-type="table-fn"}^
                  7th    1.45±0.39^[c](#tfn14-etm-0-0-6667){ref-type="table-fn"}^   146.31±21.65^[d](#tfn15-etm-0-0-6667){ref-type="table-fn"}^

P\<0.05

P\<0.01 compared with the control group.

P\<0.05

P\<0.01 compared with PQ group. PQ, paraquat; MDA, malondialdehyde; SOD, superoxide dismutase.
